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Plasmodesmata—intercellular channels that communicate adjacent cells—possess
complex membranous structures. Recent evidences indicate that plasmodesmata contain
membrane microdomains. In order to understand how these submembrane regions
collaborate to plasmodesmata function, it is necessary to characterize their size,
composition and dynamics. An approach that can shed light on these microdomain
features is based on the use of Arabidopsis mutants in sphingolipid synthesis.
Sphingolipids are canonical components of microdomains together with sterols and
some glycerolipids. Moreover, sphingolipids are transducers in pathways that display
programmed cell death as a defense mechanism against pathogens. The study
of Arabidopsis mutants would allow determining which structural features of the
sphingolipids are important for the formation and stability of microdomains, and if defense
signaling networks using sphingoid bases as second messengers are associated to
plasmodesmata operation. Such studies need to be complemented by analysis of the
ultrastructure and the use of protein probes for plasmodesmata microdomains and may
constitute a very valuable source of information to analyze these membrane structures.
Keywords: sphingolipid Arabidopsis mutants, sphingolipids and microdomains, long chain bases, sphingoid
bases, microdomains and plasmodesmata
INTRODUCTION
Plasmodesmata (PD) are specialized membranous structures that
allow the communication among contiguous plant cells, origi-
nating interconnected symplastic domains. Communication arise
through these intercellular pores that allow the exchange of small
molecules, such as ions, sugars, phytohormones and macro-
molecules -RNA, transcription factors, even virus (Kim and
Zambrisky, 2005) and effectors derived from pathogens (Lewis
et al., 2009). This selective intercellular flow of molecules follows
a defined direction and occurs at precise developmental stages or
during stress responses (Kragler, 2013).
Imaging techniques that allow preservation of PD structure
revealed a very complex and refined organization, but its molec-
ular composition is difficult to dissect by biochemical approaches
(Brunkard et al., 2013; Salmon and Bayer, 2013). However, PD
are stable assemblies that can be found in cell wall preparations
(Brecknock et al., 2011; Salmon and Bayer, 2013) and can even
survive treatments involving cell autophagy (Figure 1). PD are
formed by the extension of the PM of two adjacent cells, con-
taining a central cylinder constituted by the prolongation of the
endoplasmic reticulum (ER) of the joint cells. This ER is embed-
ded in a cytoplasmic milieu common to the interconnected cells.
Insoluble glycans as callose are deposited in the neck of the
structure (Maule et al., 2011).
While many of the proteins present in the PD are known
(Fernandez-Calvino et al., 2011; Raffaele et al., 2009), few stud-
ies have dealt with the lipid phase from PD (Cacas et al.,
2012). Recent evidences suggest the presence of membrane
microdomains in the PM of the PD (Tilsner et al., 2013).
Remorin, a key protein identified and considered a marker of
plant PM microdomains is present in PD (Raffaele et al., 2009;
Mongrand et al., 2010). Moreover, glycosylphosphatidylinositol
(GPI) anchored proteins frequently found in PM microdomains
(Brown and Rose, 1992; Schroeder et al., 1994) have been local-
ized in the PD through subcellular fractionation and proteomic
analysis (Fernandez-Calvino et al., 2011; Simpson et al., 2009;
Salmon and Bayer, 2013). In addition, the presence of phytos-
terols, canonical lipid components of microdomains (Mongrand
et al., 2004; Laloi et al., 2007) was inferred from experiments in
which treatment with a sequestering sterol compound promotes
the relocalization of remorin from the detergent insoluble mem-
branes to the detergent soluble membrane fraction and a change
of its distribution from clusters (microdomain organization) to
random positions (Raffaele et al., 2009). These evidences suggest
the presence of microdomains in the PD and imply, but do not
assure, that the general structural design of PDmicrodomains fol-
lows the same principles operating in knownmembrane domains.
In plants, as in other eukaryotes, sphingolipids, together with
sterols are essential constituents of membrane microdomains
(Mongrand et al., 2004; Sperling et al., 2005; Laloi et al., 2007;
Carmona-Salazar et al., 2011; Cacas et al., 2012). Their chemical
structure, with a highly hydrophilic polar head and a hydropho-
bic moiety formed by a long chain fatty acid and a sphingoid
base or long chain base (LCB), makes them ideal candidates
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FIGURE 1 | Plasmodesmata are structures that persist under autophagy
conditions. Three-week old Arabidopsis seedlings were exposed to 10μM
fumonisin B1 for 4 days in order to induce programmed cell death in the form
of autophagy. After this time, leaf tissue was fixed and processed for
transmission electron microscopy analysis as described in Saucedo-García
et al. (2011a,b). (A) Control leaves from seedlings exposed to H2O. (B–D)
Leaves from seedlings exposed to fumonisin B1 are shown at the indicated
magnification. In (A), it is observed that under control treatment, cells show a
rounded shape with typically elongated chloroplasts and starch bodies, some
other small organelles in the periphery and well defined plasma, vacuole and
chloroplasts membranes. In (B), cells from seedlings exposed to fumonisin
B1 show undergoing autophagy at different stages: some cells are already
empty and only the cell walls reveal their former presence; a remaining cell
still displays no visible organelles, chloroplasts but with smaller size and
undefined membranes. In (C,D), magnifications of the FB1-treated seedlings
show that cells undergoing autophagy and with few cell remnants still clearly
exhibit cell walls and PD structures. CH, chloroplast; CW, cell wall; CY,
cytosol; PD, plasmodesmata; PM, plasma membrane; ST, starch; VA, vacuole.
to form tightly packed regions in the membrane. These highly-
ordered phases segregate in the bulk of the more extended fluid
region of the membrane. Moreover, sphingolipids are very diverse
due to the chemical variants of the three moieties; lipidomic
analyses from Arabidopsis thaliana revealed about 300 molecular
species of these complex lipids (Markham et al., 2006; Markham
and Jaworski, 2007) Such diversity is generated by the biosyn-
thetic enzymes and others catalyzing chemical modifications such
as hydroxylation, desaturation and phosphorylation (Markham
et al., 2013). T-DNA insertion mutants and gene silencing of
genes coding for these enzymes have contributed to reveal the
role of different sphingolipid species (Table 1). Plant cells require
this enormous diversity in sphingolipids to carry out specific cell
tasks that involve structural and signaling aspects (Chen et al.,
2006; Dietrich et al., 2008; Chao et al., 2011; Saucedo-García et al.,
2011a; König et al., 2012). For instance, the LCB dihydrosphingo-
sine and a hydroxylated ceramide are involved in the programmed
cell death as part of the immune response (Liang et al., 2003; Shi
et al., 2007;Wang et al., 2008), the LCB sphingosine 1-P is a medi-
ator in stomata closure in Commelina communis (Ng et al., 2001),
but is phytosphingosine 1-P which displays this role inArabidopsis
(Coursol et al., 2003). This phosphorylated LCB is also produced
in response to low temperatures (Cantrel et al., 2011; Dutilleul
et al., 2012), while complex sphingolipids built from desaturated
LCB lead to aluminum and cold tolerance in Arabidopsis (Ryan
et al., 2007; Chen et al., 2012). A great variety of complex sph-
ingolipids is involved in the formation of the lipid bilayer and
its microdomains in the plant membranes (Sperling et al., 2005;
Mongrand et al., 2010).
Arabidopsis MUTANTS, COMPLEX SPHINGOLIPIDS AND THE PD
MICRODOMAIN STRUCTURE
Due to the instability (half-life 10–20ms, Eggeling et al., 2009)
and size (about 100 nm, Raffaele et al., 2009; Demir et al., 2013)
microdomains are membrane zones difficult to study. Moreover,
analysis of microdomains in complex structures such as the PD
imposes additional problems to determine their size, distribution,
and function Cacas et al., 2012. Recently developed techniques
based on molecular interactions and tracking of fluorescent
particles may give more information of the PD microdomains
(Jacobson et al., 2007; Pike, 2009; Lingwood and Simons, 2010).
Given the high elusiveness of the structure and organization of
PD, microdomain studies require other approaches as the use of
Arabidopsismutants in genes coding enzymes of sphingolipid syn-
thesis. This can be a very helpful strategy to dissect structural and
functional features of PD microdomains and PD membranes as
well.
SIGNIFICANCE OF SPHINGOLIPIDS IN PD MICRODOMAINS
It is expected that PD microdomains are mainly composed
of sphingolipids and sterols as other plant PM microdomains
but the factual contribution of sphingolipids to the PD struc-
ture and function is unknown. Mutants with a significantly
reduced content of total sphingolipids may show low abun-
dance or reduced size of PD and PD microdomains; this can be
visualized using remorin and imaging measurements with high
resolution microscopy. Some characterized Arabidopsis mutants
that are ideal for this purpose, such as line Atlcb2b hp/Atlcb2a,
a silenceable mutant in the serine palmitoyltransferase or SPT
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Table 1 | Arabidopsis mutants impaired in sphingolipid metabolism.
Mutant Modified gene, Gene ID Characteristics References
encoded protein
fbr11-1 ( lcb1) LCB1, subunit of serine
palmitoyltransferase (SPT)
At4g36480 Reduced sensitivity to
FB1-induced cell death
Chen et al., 2006; Shi et al.,
2007
lcb2a LCB2a, subunit of serine
palmitoyltransferase (SPT)
At5g23670 Implicated in male
gametogenesis and
embryogenesis. Reduced
sensitivity to FB1.
Dietrich et al., 2008;
Saucedo-García et al., 2011a,b
Atlcb2b hp/Atlcb2a LCB2a LCB2b, subunits of serine
palmitoyltransferase (SPT)
At5g23670/
At3g48780
Inducible silencing of Atlcb2b in a
Atlcb2a mutant background.
Reduced total sphingolipid
content upon induction with
methoxyfenozide
Dietrich et al., 2008
tsc10a TSC10A, 3-ketodihydrosphinganine
reductase
At3g06060 Increased content of Na, K and
Rb ions and decreased levels of
Mg, Ca, Fe and Mo. Contributes
with > 95% of the 3-KDS
reductase activity in Arabidopsis.
Chao et al., 2011
tsc10b TSC10B, 3-ketodihydrosphinganine
reductase
At5g19200 Decreased content of K and Rb
ions and increased Ca and Mo
Chao et al., 2011
loh1 LOH1, very-long-acyl-chain ceramide
synthase (CS II)
At3g25540 Complete depletion of ceramides
with a fatty acid acyl chain longer
than C18 and excessive amounts
of sphingolipids containing C16:0
Markham et al., 2011
loh2 LOH2, long-acyl-chain ceramide
synthase (CS I)
At3g19260 Depletion of sphingolipids with
fatty acids of 16 C. High
sensitivity to FB1 and AAL toxin
Markham et al., 2011
loh3 LOH3, very-long-acyl-chain ceramide
synthase (CS II)
At1g13580 Complete depletion of ceramides
with fatty acid acyl chains longer
than C18 and excessive amounts
of sphingolipids containing 16:0
Markham et al., 2011
sld1 SLD1, 8 desaturase At3g61580 Large reduction of 8
unsaturated LCB
Reduction in glucosylceramide
levels and increase in glycosyl
inositolphosphoceramides
Chen et al., 2012
sld2 SLD2, 8 desaturase At2g46210 Little reduction of 8 unsaturated
LC. Reduction in
glucosylceramide levels and
increase in glycosyl
inositolphosphoceramides
Chen et al., 2012
sld1-sld2 SLD1, 8 desaturase- SLD2 8
desaturase
At3g61580/
At2g46210
Enhanced sensitivity to low
temperature, grown at 0◦C shows
premature senescense and
chlorotic lesions. Reduction in
glucosylceramide levels and
increase in glycosyl
insitolphosphoceramides
Chen et al., 2012
(Continued)
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Table 1 | Continued
Mutant Modified gene, Gene ID Characteristics References
encoded protein
4 des 4 DES, 4 desaturase of LCB At4g04930 Selective expression in flower and
pollen. Reduced content of
glucosylceramide in flowers.
Channeling of substrates to the
glucosylceramide synthesis
Michaelson et al., 2009
ads2 ADS2, acyl-CoA desaturase At2g31360 Reduced levels of 24:1-CoA and
26:1-CoA
Smith et al., 2013
sbh1 SBH1, C4-hydroxylase of LCB At1g69640 Reduced content of trihydroxy
LCB
Chen et al., 2008
sbh2 SBH2, C4-hydroxylase of LCB At1g14290 Reduced content of trihydroxy
LCB
Chen et al., 2008
sbh1/sbh2 SBH1, C4-hydroxylase- SBH2,
C4-hydroxylase of LCB
At1g69640/
At1g14290
Lack of trihydroxy LCB.
Accumulation of total
sphingolipids with predominantly
C16 fatty acids. Spontaneous
programmed cell death. Defects
in cell elongation and cell division
Chen et al., 2008
fah1 FAH1, hydroxylase of FA At2g34770 Reduced content of sphigolipids
with -hydroxylated fatty acids
König et al., 2012
fah2 FAH2, hydroxylase of FA At4g20870 Reduced content of sphingolipids
with -hydroxylated fatty acids
König et al., 2012
fah1/fah2 FAH1, hydroxylase- FAH2,
hydroxylase of FA
At2g34770/
At4g20870
Increased ceramide and salycilate
levels. Reduced leaf and root
growth.
Enhanced resistance to biotrophic
pathogens
König et al., 2012
erh1 ERH1, inositolphosphorylceramide
synthase (IPCS)
At2g37940 Enhanced transcription of RPW8
and
RPW8-dependent spontaneous
HR-like cell death in leaf tissues,
and reduction in plant height.
Salicylic acid accumulation
Wang et al., 2008
lcbk2 LCBK2, LCB kinase At2g46090 Involved in the phosphorylation of
LCB in chilling response
Dutilleul et al., 2012
sphk1 SPHK, sphingosine kinase At4g21540 Involved in guard cell ABA
signaling and seed germination
Coursol et al., 2003; Worrall et al.,
2008
acd5 CERK, ceramide kinase At5g51290 Increased content of ceramide,
susceptibility to pathogen
infection
Liang et al., 2003
(first enzyme of the sphingolipid synthesis), containing 64% of
total sphingolipids (Dietrich et al., 2008). Other mutant lines,
tsc10a and tsc10b, in the keto-sphinganine reductase gene (second
enzyme in the sphingolipid synthesis) contain only 10% of these
lipids (Chao et al., 2011). The wide difference in the total sphin-
golipid content between these mutants provides an opportunity
to estimate the quantitative involvement of these complex lipids
on the structure of the PD and PD microdomains.
IMPORTANCE OF THE HYDROXYLATED GROUPS FROM THE ACYL
CHAINS
The high cohesion degree of sphingolipids and sterols that con-
tributes to the formation of the Lo (liquid-ordered phase) char-
acteristic of the membrane microdomains is mainly due to the
harmonizing sterical shapes of sphingolipids and sterols, and
the cooperative hydrophobic forces between them, and also to the
hydrogen bonding at their polar regions, specially those close to
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the hydrophobic tails. In this zone, the presence of charged and
polar groups from the LCB, fatty acids and sterols, provide the
hydrogen bonding between sterols and sphingolipids that con-
tributes to strengthen a membrane domain. Mutants impaired
in the hydroxylation of sphingolipids, such as the sphingoid
base hydroxylases SBH1 and SBH2 (sbh1-1 and sbh2-1 mutants,
respectively) (Chen et al., 2008) or fatty acid hydroxylases FAH1
and FAH2 (fah1-fah2 mutants, respectively) (König et al., 2012)
can be helpful in this matter.
IMPORTANCE OF THE DOUBLE BONDS FROM THE ACYL CHAINS
Saturated and all-trans acyl chains from fatty acids and LCB from
sphingolipids favor their interaction with the planar sterol ring
system producing a tight packing effect that characterizes the Lo
phase of microdomains (Simons and Vaz, 2004). Mutants with
different expression of desaturases of the sphingoid chain, such as
lines 4 des, sld1 and sld2 (Sperling et al., 1998; Michaelson et al.,
2009; Chen et al., 2012) or mutants in the fatty acid desaturase
of sphingolipids, such as line ads2 (Smith et al., 2013) may shed
light on the relevance of the presence of saturated acyl chains to
the configuration and stability of the PD microdomains.
RELEVANCE OF THE SPHINGOLIPID POLAR HEAD
Caveolae, bottle-like membrane structures are a well-
characterized case of stable membrane domain. They show
a neck which formation is favored by the asymmetric and
dense presence of sphingolipids in the outer monolayer of
the membrane. This lipid effect has been explained by the
carbohydrate voluminous hydrophilic heads and by the tight
packing of their acyl chain region with cholesterol, promoting
and stabilizing the bending of the membrane to originate the
curvature of the caveolae entrance (Dart, 2010). It is possible
that the asymmetric distribution of sphingolipids recruited
at the inner PM monolayer at both sites of the PD entrance
could accentuate the curvature of the PM. Callose deposition
at these points seems to contribute to this deformation (Maule
et al., 2011) that regulates the aperture of the PD (Roberts and
Oparka, 2003; Epel, 2009). Another protein involved in the
callose deposition is Plasmodesmata-Callose-Binding-Protein 1
(PDCB1), which could function as a structural anchor between
the cell wall and the PM components of PD (Simpson et al.,
2009). Taking into account that protein-protein interactions
constitute a stabilization force in microdomains, PDCB1 could
participate in the recruitment of lipids forming microdomains at
or near the neck (Tilsner et al., 2013). The use of sphingolipid
mutants would be useful to elucidate the interactions among
lipid-protein-callose. In addition, the mutant erh1, which con-
tains an imbalanced content of inositolphosphoceramide species
(Wang et al., 2008) or the mutant sld1 and sld2, which has low
amount of glucosylceramide but an increased amount of glycosyl
inositolphosphoceramides (Chen et al., 2012) may help to reveal
the features of the sphingolipid polar heads that are significant to
form the PD and their microdomains. Thus, residence of specific
proteins and lipids in these membrane regions could favor the
convexity of the inner monolayer of the PM (Voeltz and Prinz,
2007; Shibata et al., 2009).
RELEVANCE OF SPHINGOLIPIDS IN THE RECRUITMENT OF PROTEINS
TO MEMBRANE MICRODOMAINS INVOLVED IN DEFENSE RESPONSES
It has recently been shown that key elements in regulating the
flux through the PD pore are proteins like Lysin Motif Domain-
Containing Glycosylphosphatidylinositol-Anchored Protein 2
(LYM2) and Plasmodesmata-Located-Protein 5 (PDLP5) which
are enriched in PD membranes. LYM2 mediates the reduction
of the aperture of the PD pore in the presence of the Pathogen-
Associated-Molecular-Pattern (PAMP) chitin (Faulkner et al.,
2013) and PDLP5 controls the permeability during bacterial
infections. In the case of PDLP5, the accumulation of the phy-
tohormone salicylic acid elicits the over-expression of this PD
protein and increases the deposition of the 1,3-glucan polymer
callose, reducing the PD orifice dimension (Lee et al., 2011; Wang
et al., 2013). The fact that the PDLP5 resides exclusively in the
center of the PD cavity, reinforces the hypothesis that this protein
is located in microdomains. Signaling mechanism controlling PD
function has been suggested (Brunkard et al., 2013) but it is pos-
sible that the lipidic environment is essential for certain proteins
in order to keep its position in PD. In this regard, the hypothesis
is that the components of the PM could sense the accumulation
of the protein in order to initiate the response that will recruit cal-
lose synthases (Wang et al., 2013). One approach to investigate the
role of microdomains in determining the function of the PDLP5
would be working with mutants defective in genes linked to sph-
ingolipid metabolism and exploring whether disruption in the
lipid environment of this protein affect the closure of the pore. In
this respect, the use of Arabidopsis mutants as Atlcb2b hp/Atlcb2a
and tsc10a which contain less complex sphingolipids could help
to elucidate the role of sphingolipids as regulatory structures that
affect PD membrane proteins.
Arabidopsis MUTANTS, LCB AND THE PD FUNCTION IN DEFENSE
RESPONSES AGAINST PATHOGENS
One of the main features of the signal transduction pathways
is the fast intracellular transmission of the message triggered by
the initial stimulus. In many cases, this propagation can proceed
beyond, moving forward to some neighbor cells or reaching even
long distances to become systemic information. PD, as universal
connecting pores in plant tissues, mediate the diffusion of toxic
and signaling molecules. However, this flux is selective and reg-
ulated. The size exclusion limit of PD is controlled during the
developmental stage of the plant and upon pathogen infection
(Angell et al., 1996; Xu et al., 2012). This is necessary to limit
the flux of pathogenic molecules that might disturb neighboring
cells and therefore determine disease susceptibility. However, at
the same time, the intercellular communication regarding other
defense molecules such as sRNAs must persist in order to estab-
lish a systemic response of resistance. In this direction, it has
been demonstrated that the synthesis of siRNAs (silencing RNAs)
as a response to a viral infection is a very effective systemic
defense reaction in plants (Marín-González and Suárez-López,
2012; Parent et al., 2012). In addition, it has been shown that
an increase in callose deposition affects the signaling mediated
by miRNAs (Vatén et al., 2011) and that miRNAs are involved in
defense against bacterial PAMP as well (Parent et al., 2012). It is
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reasonable to expect that the control of the flow under infection
conditions depends on intrinsic characteristics of the PD pore
determining its size and selectivity, but also from other extrinsic
ones, as concentration gradients of transit molecules as sRNAs.
In fact, some of these regulatory factors originate in the chloro-
plast (Brunkard et al., 2013). Regarding the residence ofmolecules
responsible of the signaling implied in the regulation of the aper-
ture/closure of the PD pore, a significant number of receptor-like
kinases has been described in PD proteomic studies (Fernandez-
Calvino et al., 2011), thus suggesting that these proteins may
have a crucial role in determining the changes of PD structure
upon infection (Lee and Lu, 2011). In this context, it is appeal-
ing the idea of exploring the structural role of sphingolipids in
the PD and PD microdomains design in relation to the modula-
tion of the pore dimensions and the selectivity of the transported
molecules, in particular, the siRNAs and miRNAs movement at
short- and long-distances. Mutants that express reduced amounts
of sphingolipids or that may affect the curved entrance of the
tunnel as those described in the former sections would be very
interesting to test. These mutants can be also used to investi-
gate the specific lipid environment that sphingolipids provide and
that may constitute an important factor determining the correct
allocation of transmembrane proteins involved in structural or
signaling tasks in the PD domains. This experimentation may
help to understand not only the dynamics of miRNAs in sys-
temic defense responses but the sphingolipid contribution to this
aspects of plant immunity.
Besides the structural role of sphingolipids to form the PD
membranes and microdomains, they can participate in signaling
events. In particular, LCB, precursors of complex sphingolipids,
can act as second messengers in transduction pathways. LCB
are synthesized in the ER by the condensation of serine and
palmitoyl-CoA, reaction that is catalyzed by the serine palmi-
toyltransferase (SPT), yielding keto-sphinganine, which is then
reduced to form sphinganine, the simplest LCB that can be enzy-
matically modified with hydroxylation, phosphorylation and/or
unsaturation to form a variety of sphingoid species (Chen et al.,
2009). Recent evidences revealed the role of LCB as signaling
molecules which are secondmessengers in the pathway to the pro-
grammed cell death that takes place during pathogen infection,
the so called Hypersensitive Response (HR) (Peer et al., 2010;
Saucedo-García et al., 2011a). In this response, programmed
death is manifested only in the cells surrounding the access site
of the biotroph pathogens, which lack the capacity of using cell
debris as source of nutrients, leaving arrested its dissemination to
more distant cells.
THE ER FROM PD AS A LOCAL LCB SOURCE FOR PROPAGATION TO
ADJACENT CELLS
The fact that the ER is the site of LCB synthesis raises the possibil-
ity that in the PD, the local ER is involved in the synthesis of these
second messengers with the advantage that in this strategic posi-
tion, they can reach downstream targets at both contiguous cells,
propagating the effect in an efficient way. This could be especially
useful in the case of the dissemination of the message to program
cell death, since in this case, the establishment of the HR involves
the destruction of a limited and therefore controlled number of
cells surrounding the access site of the pathogen. In this way, PD
aperture among cells close to the pathogen ingress site would be
favored by receiving the message eliciting their death to restrain
the pathogen spread. In addition, it should be proposed that PD
from cells located at longer distances from the pathogen entry site,
and which are unexpected to be programmed for death, should
maintain the PD in the closed state in order to prevent the transit
of the LCB and other signalingmolecules. To test this, themutants
fbr11-1, lcb2a, loh2, and acd5, defective in the response to LCB
accumulation or pathogen infection are useful to elucidate the
role of LCBs that come from the ER-PD. These studies will con-
tribute to understand the role of PD in the limits for cell death or
survival during the HR.
INVOLVEMENT OF THE LCB PATHWAY IN THE CONTROL OF PD
OPENING
As second messengers of a transduction route leading to pro-
grammed cell death, it is possible that LCB or other pathway
components have a direct effect on the proteins that regulate the
changes in PD aperture. For example, these sphingolipid precur-
sors activate the salicylic acid response (De la Torre-Hernández
et al., 2010; Rivas-San Vicente et al., 2013), a central pathway
for local and systemic defense systems. In addition, the C-
terminus of Plasmodesmata-Located-Protein 5 (PDLP5), which
is rich in cysteine residues, might function as a redox-sensor of
Reactive Oxygen Species (ROS) (Wang et al., 2013). These reactive
molecules have also been linked to the LCB pathway (Shi et al.,
2007; Lachaud et al., 2011; Saucedo-García et al., 2011b). It can
be proposed that LCB might be involved in the signaling path-
way that leads to the closure of the PD mediated by PDLP5 to
avoid the dissemination of bacterial effectors. This could be tested
using mutants like Atlcb2b hp/Atlcb2a, tsc10a, lcb2a-1, and sbh1-
1, sbh1-2, shedding light on a possible relation between signaling
mediated by sphingolipids and the expression of the gene encod-
ing PDLP5 under pathogen attack. In particular, the study of
pathogen proliferation and detection of ROS using these mutants
that accumulate less LCB could give information about the opera-
tion of the signaling pathway at the PD at early times of pathogen
infection.
In addition to the use of mutants defective in genes
coding enzymes of sphingolipid metabolism, the pharma-
cological approach, using inhibitors of the sphingolipid
synthesis—fumonisin B1 and myriocin—or degradation, (N,N-
dimethylsphingosine), constitute an alternative strategy to
promote or arrest the accumulation of sphingoid species (Merrill
et al., 1993; Shi et al., 2007; De la Torre-Hernández et al., 2010;
Saucedo-García et al., 2011a). This alternative has proved to be
successful to explore and substantiate the role of LCB as signaling
molecules and can be very useful in structural and transduction
studies linking sphingolipids to the function of PD and their
membrane domains.
CONCLUSION
Given the experimental difficulties to dissect the structural orga-
nization and function of PD is necessary to approach these stud-
ies with diverse strategies. A significant number of Arabidopsis
mutants defective in genes of sphingolipid metabolism can be
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used in order to know how these lipids are involved in the
assembly and function of PD membranes and their domains.
ACKNOWLEDGMENTS
The technical assistance of Rodolfo Paredes, Consuelo Enriquez-
Arredondo, and Laurel Fabila-Ibarra with the electron
microscopy preparations and plant growth is greatly appre-
ciated. The authors are grateful to Dr. Javier Plasencia for critical
reading of the manuscript. This work has received financing from
DGAPA, UNAM (PAPIIT IN210812), CONACYT (101521) and
Facultad de Química, UNAM (PAIP 4290-02).
REFERENCES
Angell, S. M., Davies, C., and Baulcombe, D. C. (1996). Cell-to-cell movement of
potato virus X is associated with a change in the size-exclusion limit of plas-
modesmata in trichome cells of Nicotiana clevelandii. Virology 216, 197–201.
doi: 10.1006/viro.1996.0046
Brecknock, S., Vesk, M., Dibbayawan, T. P., Vesk, P. A., Barton, D. A., Faulkner, C.,
et al. (2011). High resolution scanning electron microscopy of plasmodesmata.
Planta 234, 749–758. doi: 10.1007/s00425-011-1440-x
Brown, D. A., and Rose, J. K. (1992). Sorting of GPI-anchored proteins to
glycolipid-enriched membrane subdomains during transport to the apical cell
surface. Cell 68, 533–544. doi: 10.1016/0092-8674(92)90189-J
Brunkard, J. O., Runkel, A. M., and Zambryski, P. C. (2013). Plasmodesmata
dynamics are coordinated by intracellular signaling pathways. Curr. Opin. Plant
Biol. 16, 614–620. doi: 10.1016/j.pbi.2013.07.007
Cacas, J. L., Furt, F., Le Guédard, M., Schmitter, J. M., Buré, C., Gerbeau-Pissot, P.,
et al. (2012). Lipids of plant membrane rafts. Prog. Lipid Res. 51, 272–299. doi:
10.1016/j.plipres.2012.04.001
Cantrel, C., Vazquez, T., Puyaubert, J., Reze, N., Lesch, M., Kaiser, W. M., et al.
(2011). Nitric oxide participates in cold-responsive phosphosphingolipid for-
mation and gene expression in Arabidopsis thaliana. New Phytol. 189, 415–427.
doi: 10.1111/j.1469-8137.2010.03500.x
Carmona-Salazar, L., El Hafidi, M., Enríquez-Arredondo, C., Vázquez-Vázquez,
C., González de la Vara, L. E., and Gavilanes-Ruíz, M. (2011). Isolation
of detergent-resistant membranes from plant photosynthetic and non-
photosynthetic tissues. Anal. Biochem. 417, 220–227. doi: 10.1016/j.ab.2011.
05.044
Chao, D. Y., Gable, K., Chen, M., Baxter, I., Dietrich, C., Cahoon, E. B., et al. (2011).
Sphingolipids in the root play an important role in regulating the leaf ionome
in Arabidopsis thaliana. Plant Cell 23, 1061–1081. doi: 10.1105/tpc.110.079095
Chen, M., Hang, G., Dietrich, C. R., Dunn, T. M., and Cahoon, E. B. (2006).
The essential nature of sphingolipids in plants as revealed by the identifica-
tion and functional characterization of the Arabidopsis LCB1 subunit of serine
palmitoyltransferase. Plant Cell 18, 3576–3593. doi: 10.1105/tpc.105.040774
Chen, M., Markham, J. E., and Cahoon, E. B. (2012). Sphingolipid D8 unsat-
uration is important for glucosylceramide biosynthesis and low-temperature
performance in Arabidopsis. Plant J. 69, 769–781. doi: 10.1111/j.1365-
313X.2011.04829.x
Chen, M., Markham, J. E., Dietrich, C. R., Jaworski, J. G., and Cahoon, E. B. (2008).
Sphingolipid long-chain base hydroxylation is important for growth and regu-
lation of sphingolipid content and composition in Arabidopsis. Plant Cell 20,
1862–1878. doi: 10.1105/tpc.107.057851
Chen, M., Saucedo-García, M., Gavilanes-Ruíz, M., Plascencia, J., and Cahoon, E.
B. (2009). “Plant sphingolipids: structure, synthesis and function,” in Lipids in
Photosynthesis: Essential and Regulatory Functions, Advances in Photosynthesis
and Respiration, eds H. Wada and N. Murata (Dordrecht: Springer), 77–115.
Coursol, S., Fan, L. M., Le Stunff, H., Spiegel, S., Gilroy, S., and Assmann, S.
M. (2003). Sphingolipid signalling in Arabidopsis guard cells involves het-
erotrimeric G proteins. Nature 423, 651–654. doi: 10.1038/nature01643
Dart, C. (2010). Lipid microdomains and the regulation of ion channel function.
J. Physiol. 588, 3169–3178. doi: 10.1113/jphysiol.2010.191585
De la Torre-Hernández, M. E., Rivas-San Vicente, M., Greaves-Fernandez, N.,
Cruz-Ortega, R., and Plasencia, J. (2010). Fumonisin B1 induces nuclease
activation and salicylic acid accumulation through long-chain sphingoid base
build-up in germinating maize. Physiol. Mol. Plant Pathol. 74, 337–345. doi:
10.1016/j.pmpp.2010.05.004
Demir, F., Horntrich, C., Blachutzik, J. O., Scherzer, S., Reinders, Y., Kierszniowska,
S., et al. (2013). Arabidopsis nanodomain-delimited ABA signaling pathway
regulates the anion channel SLAH3. Proc. Natl. Acad. Sci. U.S.A. 110, 8296–8301.
doi: 10.1073/pnas.1211667110
Dietrich, C., Han, G., Chen,M., Berg, R. H., Dunn, T.M., and Cahoon, E. B. (2008).
Loss-of-function mutations and inducible RNAi suppression of Arabidopsis
LCB2 genes reveal the critical role of sphingolipids in gametophhytic and sporo-
phytic cell viability. Plant J. 54, 284–298. doi: 10.1111/j.1365-313X.2008.03420.x
Dutilleul, C., Benhassaine-Kesri, G., Demandre, C., Reze, N., Launay, A., Pelletier,
S., et al. (2012). Phytosphingosine-phosphate is a signal for AtMPK6 activation
and Arabidopsis response to chilling. New Phytol. 194, 181–191. doi: 10.1111/
j.1469-8137.2011.04017.x
Eggeling, C., Ringemann, C., Medda, R., Schwarzmann, G., Sandhoff, K.,
Polyakova, S., et al. (2009). Direct observation of the nanoscale dynamics of
membrane lipids in a living cell. Nature 457, 1159–1162. doi: 10.1038/nature
07596
Epel, B. L. (2009). Plant viruses spread by diffusion on ER-associated movement-
protein-rafts through plasmodesmata gated by viral induced host β-1, 3-
glucanases. Semin. Cell Dev. Biol. 20, 1074–1081. doi: 10.1016/j.semcdb.2009.
05.010
Faulkner, C., Petutschnig, E., Benitez-Alfonso, Y., Beck, M., Robatzek, S., Lipka,
V., et al. (2013). LYM2-dependent chitin perception limits molecular flux via
plasmodesmata. Proc. Natl. Acad. Sci. U.S.A. 110, 9167–9170. doi: 10.1073/pnas.
1203458110
Fernandez-Calvino, L., Faulkner, C., Walshaw, J., Saalbach, G., Bayer, E., Benitez-
Alfonso, Y., et al. (2011). Arabidopsis plasmodesmal proteome. PLoS One
6:e18880. doi: 10.1371/journal.pone.0018880
Jacobson, K., Mouritsen, O. G., and Anderson, R. G. W. (2007). Lipid rafts: at
a crossroad between cell biology and physics. Nat. Cell Biol. 9, 7–14. doi:
10.1038/ncb0107-7
Kim, I., and Zambrisky, P. (2005). Cell-to-cell communication via plasmodes-
mata during Arabidopsis embryogenesis. Curr. Opin. Plant Biol. 8, 593–599. doi:
10.1016/j.pbi.2005.09.013
König, S., Feussner, K., Schwarz, M., Kaever, A., Iven, T., Landesfeind, M., et al.
(2012). Arabidopsis mutants of sphingolipids fatty acid α-hydroxylases accumu-
late ceramides and salicylates. New Phytol. 196, 1086–1097. doi: 10.1111/j.1469-
8137.2012.04351.x
Kragler, F. (2013). Plasmodesmata: intercellular tunnels facilitating transport of
macromolecules in plants. Cell Tissue Res. 352, 49–58. doi: 10.1007/s00441-012-
1550-1
Lachaud, C., Da Silva, D., Amelot, N., Beziat, C., Briere, C., Cotelle, V., et al.
(2011). Dihydrosphingosine-induced programmed cell death in tobacco BY-
2 cells is independent of H2O2 production. Mol. Plant 4, 310–318. doi:
10.1093/mp/ssq077
Laloi, M., Perret, A. M., Chatre, L., Melser, S., Cantrel, C., Vaultier, M. N., et al.
(2007). Insights into the role of specific lipids in the formation and delivery of
lipid microdomains to the plasma membrane of plant cells. Plant Physiol. 143,
461–472. doi: 10.1104/pp.106.091496
Lee, J. Y., and Lu, H. (2011). Plasmodesmata: a battleground against intruders.
Trends Plant Sci. 16, 201–210. doi: 10.1016/j.tplants.2011.01.004
Lee, J. Y., Wang, X., Cui, W., Sager, R., Modla, S., Czymmek, K., et al. (2011). A
plasmodesmata-localized protein mediates crosstalk between cell-to-cell com-
munication and innate immunity in Arabidopsis. Plant Cell 23, 3353–3373. doi:
10.1105/tpc.111.087742
Lewis, J. D., Guttman, D. S., and Desveaux, D. (2009). The targeting of plant cel-
lular systems by injected type III effector proteins. Semin. Cell Dev. Biol. 20,
1055–1063. doi: 10.1016/j.semcdb.2009.06.003
Liang, H., Yao, N., Song, J. T., Luo, S., Lu, H., andGreenberg, J. T. (2003). Ceramides
modulate programmed cell death in plants. Genes Dev. 17, 2636–2641. doi:
10.1101/gad.1140503
Lingwood, D., and Simons, K. (2010). Lipid rafts as a membrane-organizing
principle. Science 327, 46–50. doi: 10.1126/science.1174621
Marín-González, E., and Suárez-López, P. (2012). And yet it moves: cell-to-cell
and long distance signaling by plant microRNAs. Plant Sci. 196, 18–30. doi:
10.1016/j.plantsci.2012.07.009
Markham, J. E., Cahoon, E. B., and Jaworski, J. G. (2006). Separation and iden-
tification of major plant sphingolipid classes from leaves. J. Biol. Chem. 281,
22684–22694. doi: 10.1074/jbc.M604050200
Markham, J. E., and Jaworski, J. G. (2007). Rapid measurement of sphin-
golipids from Arabidopsis thaliana by reversed-phase highperformance liquid
www.frontiersin.org January 2014 | Volume 5 | Article 3 | 7
González-Solís et al. Sphingolipid mutants and plasmodesmata microdomains
chromatography coupled to electrospray ionization tandemmass spectrometry.
Rapid Commun. Mass Spectrom. 21, 1304–1314. doi: 10.1002/rcm.2962
Markham, J. E., Lynch, D. V., Napier, J. A., Dunn, T. M., and Cahoon, E. B. (2013).
Plant sphingolipids: function follows form. Curr. Opin. Plant Biol. 16, 350–357.
doi: 10.1016/j.pbi.2013.02.009
Markham, J. E., Molino, D., Gissot, L., Bellec, Y., Hematy, K., Marion, J., et al.
(2011). Sphingolipids containing very-long-chain fatty acids define a secretory
pathway for specific polar plasma membrane protein targeting in Arabidopsis.
Plant Cell 23, 2362–2378. doi: 10.1105/tpc.110.080473
Maule, A. J., Benitez-Alfonso, Y., and Faulkner, C. (2011). Plasmodesmata—
membrane tunnels with attitude. Curr. Opin. Plant Biol. 14, 683–690. doi:
10.1016/j.pbi.2011.07.007
Merrill, A. H., van Echten, G., Wang, E., and Sandhoff, K. (1993). Fumonisin
B1 inhibits sphingosine (sphinganine) N-acyltransferase and de novo sph-
ingolipid biosynthesis in cultured neurons in situ. J. Biol. Chem. 268,
27299–27306.
Michaelson, L. V., Zäuner, S., Markham, J. E., Haslam, R. P., Desikan, R., Mugford,
S., et al. (2009). Functional characterization of a higher plant sphingolipid 4-
desaturase: defining the role of sphingosine and sphingosine-1-phosphate in
Arabidopsis. Plant Physiol. 149, 487–498. doi: 10.1104/pp.108.129411
Mongrand, S., Morel, J., Laroche, J., Claverol, S., Carde, J. P., Hartmann, M. A.,
et al. (2004). Lipid rafts in higher plant cells: purification and characterization of
Triton X-100- insoluble microdomains from tobacco plasma membrane. J. Biol.
Chem. 279, 36277–36286. doi: 10.1074/jbc.M403440200
Mongrand, S., Stanislas, T., Bayer, E. M., Lherminier, J., and Simon-Plas, F. (2010).
Membrane rafts in plant cells. Trends Plant Sci. 15, 656–663. doi: 10.1016/
j.tplants.2010.09.003
Ng, C. K., Carr, K., McAinsh, M. R., Powell, B., and Hetherington, A. M.
(2001). Drought-induced guard cell signal transduction involves sphingosine-
1-phosphate. Nature 410, 596–599. doi: 10.1038/35069092
Parent, J. B., Martinez de Alba, A. E., and Vaucheret, H. (2012). The origin and
effect of small RNA signaling in plants. Front. Plant Sci. 3:179. doi: 10.3389/fpls.
2012.00179
Peer, M., Stegman, M., Mueller, M. J., and Waller, F. (2010). Pseudomonas
syringae infection triggers de novo synthesis of phytosphingosine from
sphinganine in Arabidopsis thaliana. FEBS Lett. 584, 4053–4056. doi:
10.1016/j.febslet.2010.08.027
Pike, L. J. (2009). The challenge of lipid rafts. J. Lipid Res. 50, S323–S328. doi:
10.1194/jlr.R800040-JLR200
Raffaele, S., Bayer, E., Lafarge, D., Cluzet, S., German-Retana, S., Boubekeur, T.,
et al. (2009). Remorin, a solanaceae protein resident in membrane rafts and
plasmodesmata, impairs potato virus X movement. Plant Cell 21, 1541–1555.
doi: 10.1105/tpc.108.064279
Rivas-San Vicente, M., Larios-Zarate, G., and Plasencia, J. (2013). Disruption
of sphingolipid biosynthesis in Nicotiana benthamiana activates salicylic acid-
dependent responses and compromises resistance to Alternaria alternata f. sp.
lycopersici. Planta 237, 121–136. doi: 10.1007/s00425-012-1758-z
Roberts, A. G., and Oparka, K. J. (2003). Plasmodesmata and the control of
symplastic transport. Plant Cell Environ. 26, 103–124. doi: 10.1046/j.1365-
3040.2003.00950.x
Ryan, P. R., Liu, Q., Sperling, P., Bei, D., Franke, S., andDelhaize, E. (2007). A higher
plant 8 sphingolipid desaturase with a preference for (Z)-isomer formation
confers aluminum tolerance to yeast and plants. Plant Physiol. 144, 1968–1977.
doi: 10.1104/pp.107.100446
Salmon, M. S., and Bayer, E. M. F. (2013). Dissecting plasmodesmata molecular
composition by mass spectrometry-based proteomics. Front. Plant Sci. 3:307.
doi: 10.3389/fpls.2012.00307
Saucedo-García, M., González-Solís, A., Rodríguez-Mejía, P., Olivera-Flores, T. J.,
Vázquez-Santana, S., Cahoon, E. B., et al. (2011a). Reactive oxygen species as
transducers of sphinganine-mediated cell death pathway. Plant Signal. Behav. 6,
1616–1619. doi: 10.4161/psb.6.10.16981
Saucedo-García, M., Guevara-García, A., González-Solís, A., Cruz-García, F.,
Vázquez-Santana, S., Markham, J. E., et al. (2011b). MPK6, esfinganine and the
LCB2a gene from serine palmitoyltransferase are required in the signaling path-
way that mediates cell death induced by long chain bases in Arabidopsis. New
Phytol. 191, 943–957. doi: 10.1111/j.1469-8137.2011.03727.x
Schroeder, R., London, E., and Brown, D. (1994). Interactions between saturated
acyl chains confer detergent resistance on lipids and glycosylphosphatidylinos-
itol (GPI)-anchored proteins: GPI-anchored proteins in liposomes and cells
show similar behaviour. Proc. Natl. Acad. Sci. U.S.A. 91, 12130–12134. doi:
10.1073/pnas.91.25.12130
Shi, L., Bielawski, J., Mu, J., Dong, H., Teng, C., Zhang, J., et al. (2007). Involvement
of sphingoid bases in mediating reactive oxygen intermediate production and
programmed cell death in Arabidopsis. Cell Res. 17, 1030–1040. doi: 10.1038/
cr.2007.100
Shibata, Y., Hu, J., Kozlov, M. M., and Rapoport, T. A. (2009). Mechanisms shaping
the membranes of cellular organelles. Annu. Rev. Cell Dev. Biol. 25, 329–354.
doi: 10.1146/annurev.cellbio.042308.113324
Simons, K., and Vaz, W. L. C. (2004). Model systems, lipid rafts and cell mem-
branes. Annu. Rev. Biophys. Biomol. Struct. 33, 269–295. doi: 10.1146/annurev.
biophys.32.110601.141803
Simpson, C., Thomas, C., Findlay, K., Bayer, E., and Maule, A. J. (2009). An
Arabidopsis GPI- anchor plasmodesmal neck protein with callose binding activ-
ity and potential to regulate cell-to-cell trafficking. Plant Cell 21, 581–594. doi:
10.1105/tpc.108.060145
Smith, M. A., Dauk, M., Ramadan, H., Yang, H., Seamons, L. E., Haslam, R. P.,
et al. (2013). Involvement of Arabidopsis ACYL-COENZYME ADESATURASE-
LIKE2 (At2g31360) in the biosynthesis of the very-long-chain monounsatu-
rated fatty acid components of membrane lipids. Plant Physiol. 161, 81–96. doi:
10.1104/pp.112.202325
Sperling, P., Franke, S., Luthje, S., and Heinz, E. (2005). Are glucocerebrosides the
predominant sphingolipids in plant plasmamembranes? Plant Physiol. Biochem.
43, 1031–1038. doi: 10.1016/j.plaphy.2005.10.004
Sperling, P., Zähringer, U., and Heinz, E. (1998). A sphingolipid desaturase from
higher plants- identification of a new cytochrome b5 fusion protein. J. Biol.
Chem. 273, 28590–28596. doi: 10.1074/jbc.273.44.28590
Tilsner, J., Linnik, O., Louveaux,M., Roberts, I. M., Chapman, S. N., andOparka, K.
J. (2013). Replication and trafficking of a plant virus are coupled at the entrances
of plasmodesmata. J. Cell Biol. 201, 981–995. doi: 10.1083/jcb.201304003
Vatén, A., Dettmer, J., Wu, S., Stierhof, Y. D., Miyashima, S., Yadav, S. R., et al.
(2011). Callose biosynthesis regulates symplastic trafficking during root devel-
opment. Dev. Cell 21, 1144–1155. doi: 10.1016/j.devcel.2011.10.006
Voeltz, G. K., and Prinz, W. A. (2007). Sheets, ribbons and tubules how organelles
get their shape. Nat. Rev. Mol. Cell Biol. 8, 258–264. doi: 10.1038/nrm2119
Wang, W., Yang, X., Tangchaiburana, S., Ndeh, R., Markham, J. E., Tsegaye, Y.,
et al. (2008). An inositolphosphorylceramide synthase is involved in regulation
of plant programmed cell death associated with defense in Arabidopsis. Plant
Cell 20, 3163–3179. doi: 10.1105/tpc.108.060053
Wang, X., Sager, R., Cui, W., Zhang, C., Lu, H., and Lee, J. Y. (2013). Salicylic
acid regulates plasmodesmata closure during innate immune responses in
Arabidopsis. Plant Cell 25, 2315–2329. doi: 10.1105/tpc.113.110676
Worrall, D., Liang, Y. K., Alvarez, S., Holroyd, G. H., Spiegel, S., Panagopulos, M.,
et al. (2008). Involvement of sphingosine kinase in plant cell signalling. Plant J.
56, 64–72. doi: 10.1111/j.1365-313X.2008.03579.x
Xu, M., Cho, E., Burch-Smith, T. M., and Zambrisky, P. (2012). Plasmodesmata
formation and cell-to- cell transport are reduced in decreased size exclusion
limit 1 during embryogenesis in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 109,
5098–5103. doi: 10.1073/pnas.1202919109
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 15 November 2013; paper pending published: 04 December 2013; accepted:
03 January 2014; published online: 24 January 2014.
Citation: González-Solís A, Cano-Ramírez DL, Morales-Cedillo F, Tapia de Aquino C
and Gavilanes-RuizM (2014) Arabidopsis mutants in sphingolipid synthesis as tools to
understand the structure and function of membrane microdomains in plasmodesmata.
Front. Plant Sci. 5:3. doi: 10.3389/fpls.2014.00003
This article was submitted to Plant Cell Biology, a section of the journal Frontiers in
Plant Science.
Copyright © 2014 González-Solís, Cano-Ramírez, Morales-Cedillo, Tapia de Aquino
and Gavilanes-Ruiz. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Plant Science | Plant Cell Biology January 2014 | Volume 5 | Article 3 | 8
